1. Introduction {#sec1-jof-06-00001}
===============

Histoplasmosis is a global emerging fungal disease, with most cases reported in the American continent. The disease is the most common cause for hospitalization and death among the endemic mycoses in the U.S. \[[@B1-jof-06-00001],[@B2-jof-06-00001]\]. In Brazil, 3530 patients were diagnosed with histoplasmosis between the years 1939 and 2018, which is likely to be underestimated. Histoplasmosis is endemic in all Brazilian regions, particularly in the Northeast, Central-West, Southeast, and South \[[@B3-jof-06-00001]\].

Histoplasmosis mainly affects the lungs from which it can disseminate to other body sites such as the adrenal glands, bone marrow, gastrointestinal tract, joints and the brain \[[@B2-jof-06-00001]\]. Disseminated histoplasmosis (DH)--the more severe and common form of the disease--generally occurs in AIDS patients, in addition to immunocompromised person on treatment with steroids, presenting with severe neutropenia as a result of cancer chemotherapy, as well as recipients of hematopoietic stem cell and solid organ transplantation \[[@B2-jof-06-00001],[@B3-jof-06-00001]\].

Classical diagnosis of DH relies on histopathology, microscopy and fungal culture. However, these methods are known for their limited sensitivity, in addition to the prolonged time for culture to reveal results \[[@B4-jof-06-00001],[@B5-jof-06-00001]\]. Over the last decade, several studies have shown *Histoplasma* antigen detection to be the main non-invasive test to diagnose such conditions \[[@B6-jof-06-00001],[@B7-jof-06-00001]\]. Detection of circulating *Histoplasma* antigens in urine has proven to be highly sensitive (95%), but this methodology still has some limitations, such as cross-reactivity with other dimorphic fungi \[[@B8-jof-06-00001],[@B9-jof-06-00001]\]. Conversely, in many countries where DH is endemic, *Histoplasma* antigen test is commercially not available, which opens a field of opportunities for other diagnostic tests to be used in association or in substitution for antigen detection \[[@B8-jof-06-00001],[@B10-jof-06-00001]\].

Molecular tests are routinely used in many clinical centers to detect a variety of pathogens, including fungi. In this context, several articles have documented the performance of molecular tests (particularly PCR \[polymerase chain reaction\]) in DH patients. However, assays vary largely in terms of sequence of probes and primers, in addition to DNA extraction methods and tests platforms \[[@B11-jof-06-00001],[@B12-jof-06-00001],[@B13-jof-06-00001]\]. The diagnostic performance of molecular tests in patients for whom *Histoplasma* antigen detection is also available has not been properly explored. In view of this, the aim of this study was to compare the performance of molecular tests in the diagnosis of DH considering two main scenarios, related to the presence or the absence of *Histoplasma* antigen detection.

2. Methods {#sec2-jof-06-00001}
==========

A PubMed systematic literature review was conducted using the following search strategy: "(histoplasmosis or histoplasma) and (diagnosis or sensitivity or specificity or performance or accuracy) and ((molecular or PCR or sequencing) and (antigen or antigenuria or ELISA))". The literature review was built using the classical PICO structure, in which "P" stands for "population/patients"; "I" for "intervention"; "C" for "comparison/control"; and "O" for "outcome". No language or date restriction was applied. References from selected articles were also reviewed. Publications describing the diagnosis of the disease by other methods (i.e., non-molecular) were excluded from the review, as well as studies involving histoplasmosis in non-humans.

3. Results {#sec3-jof-06-00001}
==========

[Figure 1](#jof-06-00001-f001){ref-type="fig"} shows the flowchart with data selection and analysis methods used in the study. A total of 289 articles were found in the search. After exclusion of non-appropriate manuscripts, 34 publications were selected to review. From these publications, only two studies directly compared the use of molecular tests with *Histoplasma* antigen detection, in patients with DH. We summarize below the evidence regarding the use of molecular tests for the diagnosis of histoplasmosis.

3.1. Comparison of Molecular and Immunological Diagnosis of DH {#sec3dot1-jof-06-00001}
--------------------------------------------------------------

One of the studies comparing molecular tests with *Histoplasma* antigen assays was performed using urine samples \[[@B14-jof-06-00001]\]. The study evaluated the performance of a PCR-enzyme immunoassay (PCR-EIA) test against three comparators: two groups with variable concentrations of *Histoplasma* antigenuria and a negative control group (healthy volunteers) \[[@B14-jof-06-00001]\]. Twelve *H. capsulatum* and *Blastomyces dermatitidis* isolates were chosen to assess the pattern of recognition of the PCR primers. The MiraVista^®^ test was used to detect *Histoplasma* antigen, fungal cultures were incubated for 8 weeks, and the molecular test targeted a 99-bp portion of the *H. capsulatum* 100-kDa protein gene. From 51 samples known to be positive by Miravista^®^ test, only 5 (9.8%) were positive by culture and 4 (7.8%) were detected in the PCR-EIA test. Positive PCR results in urine specimens correlated well with positive culture results, but not with antigenuria.

In another publication, an HIV-infected patient with pulmonary histoplasmosis was reported for presenting a false-positive result with serum *Aspergillus* galactomannan testing \[[@B15-jof-06-00001]\]. Amplification and sequencing of the ITS1, 5,8S and ITS4 regions of ribosomal DNA, made directly from lung biopsy using panfungal primers, allowed for *H. capsulatum* identification. Mycological cultures turned positive after three weeks, with the presence of numerous thick-walled, echinulate macroconidia, typical of the *Histoplasma* genus, confirming the diagnosis of pulmonary histoplasmosis, primarily detected by the molecular (sequencing) method. The study addressed the potential interest of the *Histoplasma* DNA for the diagnosis of histoplasmosis, especially in endemic countries where *H. capsulatum* antigen testing may not be available.

3.2. Overview of the Performance of Molecular Methods in the Diagnosis of DH {#sec3dot2-jof-06-00001}
----------------------------------------------------------------------------

There are several factors that influence the reliability and reproducibility of molecular tests, including the number and the type of samples tested. A summary of all studies in which molecular methods were used to diagnose histoplasmosis is presented in [Table 1](#jof-06-00001-t001){ref-type="table"}. Fungal culture is one of the best-performing specimens but this has little applicability in the routine diagnostic laboratory, since 4 to 6 weeks are required for fungal growth before PCR application \[[@B13-jof-06-00001]\]. Most studies in the literature evaluated the performance of nested PCR in the diagnosis of DH, a method that is associated with the increased risk of amplicons contamination, since it involves the manipulation of amplified products. Many of the PCR tests for histoplasmosis were developed in-house \[[@B11-jof-06-00001],[@B12-jof-06-00001],[@B13-jof-06-00001],[@B16-jof-06-00001],[@B17-jof-06-00001],[@B18-jof-06-00001],[@B19-jof-06-00001],[@B20-jof-06-00001],[@B21-jof-06-00001],[@B22-jof-06-00001],[@B23-jof-06-00001],[@B24-jof-06-00001],[@B25-jof-06-00001],[@B26-jof-06-00001],[@B27-jof-06-00001]\]. The gene encoding a 100 kDa molecular protein, which is described as necessary for the survival of *H. capsulatum* in human cells, has been the most common target for the diagnosis of histoplasmosis \[[@B11-jof-06-00001],[@B12-jof-06-00001],[@B16-jof-06-00001],[@B19-jof-06-00001],[@B23-jof-06-00001],[@B24-jof-06-00001],[@B27-jof-06-00001]\]. Hcp100 is part of the p100 gene family, and it is expressed in large quantities during fungal macrophage invasion \[[@B12-jof-06-00001]\]. This marker was first tested and standardized in a nested PCR test, with a reported sensitivity of 100% and a specificity of 95% \[[@B16-jof-06-00001],[@B19-jof-06-00001]\]. However, as already stated nested PCR is a method that involves great care because of increased risk for contamination, since it involves the manipulation of amplified products.

4. Discussion {#sec4-jof-06-00001}
=============

In this literature review, we were able to find only two studies in which molecular tests were used in parallel to *Histoplasma* immunological antigen detection for DH diagnosis \[[@B14-jof-06-00001],[@B15-jof-06-00001]\]. One of the studies \[[@B14-jof-06-00001]\] reported a very low sensitivity for PCR using urine samples. Urine was tested in the study because this is considered the optimal sample for *Histoplasma* antigen detection using EIA. However, with regard to PCR, urine is usually seen as a clinical material that contains many potential interferents with the PCR reaction. Additional points must also be considered: (i) some false-positive may have occurred in the *Histoplasma* antigen test, since this is known to cross-reacts with *Blastomyces dermatitidis*, also endemic in the U.S.; also, (ii) primers may not have allowed for the detection of all variants of *H. capsulatum* with satisfactory sensitivity. In any case, the study does not tell us about the performance of *Histoplasma* PCR in additional clinical samples, such as whole blood, bone marrow aspirate, bronchoalveolar lavage (BAL) fluid, and tissues. Besides that, *Histoplasma* antigen detection has become consolidated the leading technique to DH diagnosis with excellent performance, easy to obtain specimens and also important for monitoring patients' responses to antifungal therapy \[[@B28-jof-06-00001]\].

Our study has shown that more than a dozen publications reported the good performance of molecular methods in patients with DH, either alone or in association with conventional diagnostic methods (i.e., microscopy, culture and histopathology). Most of these studies have used whole blood, serum or fungal culture as the appropriate specimen for PCR testing, with a very high sensitivity and specificity. Molecular diagnosis can be effectively applied to lung biopsies, in situations in which other classical methods of pathogen identification are usually not effective \[[@B15-jof-06-00001],[@B29-jof-06-00001]\]. Molecular tests are arguably important in regions where DH is not endemic, due to limited expertise in *H. capsulatum* identification.

The analytical performance of the molecular assays in the DH diagnosis varies according to disease stage and clinical form of histoplasmosis \[[@B30-jof-06-00001]\]. A recent meta-analysis showed the lack of consensus regarding the methodologies, particularly PCR protocols and gene targets (100-KDa-like-protein genes and amplification of ITS regions). For molecular assays, the overall specificity in the meta-analysis was 99% and overall sensitivity was 95%. Similar to the antigen testing, PCR presented excellent analytical performance, displaying a similar accuracy in comparison to the antigenuria-based assays \[[@B30-jof-06-00001]\]. By reviewing studies that compared primers, it was possible to see that Hcp100 is the most widely targeted gene and has shown better methodological performance \[[@B23-jof-06-00001],[@B24-jof-06-00001]\].

This review demonstrated the performance of molecular tests in several studies involving patients with DH. PCR was applied to a wide range of clinical samples (e.g., biopsy, whole blood, serum, and cultures) \[[@B31-jof-06-00001],[@B32-jof-06-00001]\]. The variability of molecular method applications is noticeable, which makes it difficult to make any relevant comparison. The reactions were done in different ways, with large variability in terms of DNA extraction, amplification targets, probes, and master mixes. No commercial PCR tests is available. In a multicenter comparison of PCR protocols for identification *H. capsulatum* DNA \[[@B24-jof-06-00001]\], all the protocols were specific and no false positive results were detected. Even though most studies in the literature have been based on nested PCR, real-time protocols were the most accurate and reliable. The applicability of PCR tests against Histoplasma species in the follow up of patients on treatment with antifungal drugs is also that deserve further investigation.

This study is limited by the scarce number of publications that directly compared immunological and molecular methods in patients with DH. There is a gap in the literature to be filled by future studies that consider this type of analysis, therefore contributing to the diagnosis of histoplasmosis. Most studies applied PCR from fungal cultures, which is of limited clinical interest.

In conclusion, this literature review showed that molecular tests have a good clinical performance in patients with DH. Most studies were performed with nested-PCR, so there is a need to further explore the application of real-time PCR in histoplasmosis. *Histoplasma* antigen detection by EIA has a central role in the DH diagnosis, but in only two publications these tests were compared to *Histoplasma* PCR. Considering that *Histoplasma* antigen is not commercially available in most endemic countries for histoplasmosis, and based on the assumption that many tertiary hospitals have PCR machines in place, molecular tests have the potential to facilitate the diagnostic routine of histoplasmosis in many circumstances.
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jof-06-00001-t001_Table 1

###### 

Results of the literature review of studies in which molecular tests were used to diagnose disseminated histoplasmosis.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Author and Year                                              *n*   Samples                                              Molecular Technique                                          DNA Extraction                      Molecular Target      Probe         Sensitivity           Specificity
  ------------------------------------------------------------ ----- ---------------------------------------------------- ------------------------------------------------------------ ----------------------------------- --------------------- ------------- --------------------- -------------------------------------------------
  Bialek R et al. (2002) \[[@B16-jof-06-00001]\]               100   Biopsy                                               Nested PCR                                                   QIAamp tissue kit Qiagen            18S rDNA\             None          NA                    NA
                                                                                                                                                                                                                           Hcp 100                                                   

  Bracca, A. et al. (2003) \[[@B17-jof-06-00001]\]             30    Blood, biopsy, scraping from mucocutaneous lesions   Semi-nested PCR                                              Manual extraction                   β-glucosidase         None          NA                    NA

  Guedes, H.L. et al. (2003) \[[@B18-jof-06-00001]\]           31    Fungal cultures                                      DNA Sequencing                                               Puregene DNA Kit Gentra.Systems     M Protein             None          100%                  100%

  Muñoz, C. et al. (2009) \[[@B19-jof-06-00001]\]              146   Fungal cultures                                      Nested PCR                                                   DNA Minikit Qiagen                  Hcp 100               None          100%                  92%

  Muñoz, B. et al. (2010) \[[@B20-jof-06-00001]\]              6     Fungal cultures                                      Conventional PCR                                             Manual extraction                   M Protein             None          NA                    NA

  Frías-De-León, M. G. et al. (2012) \[[@B21-jof-06-00001]\]   40    Fungal cultures                                      (RAPD)-PCR                                                   NA                                  SCAR Markers          None          NA                    100%

  Ohno, H. et al. (2013) \[[@B22-jof-06-00001]\]               7     Fungal cultures and cinical samples \*               Nested PCR                                                   NA                                  M Protein             None          NA                    NA

  Dantas, K. C. et al. (2013) \[[@B23-jof-06-00001]\]          40    Whole blood and serum                                Nested PCR                                                   NA                                  18S rDNA\             None          96%--98%              HC100\
                                                                                                                                                                                                                           Hcp 100                                                   (97%-Whole Blood,\
                                                                                                                                                                                                                                                                                     95%-Serum) e HC18S (90% Whole Blood, 88% Serum)

  Buitrago, M. J. et al. (2013) \[[@B24-jof-06-00001]\]        10    Fungal cultures                                      Nested, Real Time and Conventional PCR                       DNeasy Plant MiniKit Qiagen         Hcp 100, SCAR, ITS1   Taqman\       SCAR--43%\            100%
                                                                                                                                                                                                                                                 HcITS-155     Hcp 100 - 89.5        

  Scheel, C. M. et al. (2014) \[[@B12-jof-06-00001]\]          50    Fungal cultures                                      Nucleic acid amplification via LAMP                          Qiagen Dneasy Kit                   Hcp100                None          NA                    100%

  Gago, S. et al. (2014) \[[@B25-jof-06-00001]\]               43    Fungal cultures and bronchoalveolar lavage           Multiplex real-time PCR                                      DNeasy Plant MiniKit Qiagen         ITS                   None          90%                   100%

  Muraosa, Y. et al. (2015) \[[@B13-jof-06-00001]\]            19    Fungal cultures and clinical samples \*              Cycling probe-based real-time PCR and Nested real-time PCR   PrepManTM Ultra Life Technologies   NAALADase Gene        Hist1probe3   Real Time PCR--77%\   NA
                                                                                                                                                                                                                                                               Nested PCR--33%       

  Brilhante, R. S. et al. (2016) \[[@B26-jof-06-00001]\]       16    Blood                                                Conventional PCR                                             CTAB                                RYP1                  None          100%                  100%

  Frías-De-León, M. G. et al. (2017) \[[@B11-jof-06-00001]\]   4     Serum                                                Nested PCR                                                   Qiagen Dneasy Kit                   Hcp100                None          NA                    NA

  Dantas, K.C. et al. (2018) \[[@B27-jof-06-00001]\]           40    Blood                                                Nested PCR                                                   QIAamp Blood DNA Mini Kit           18S rDNA\             None          18%--60%              85%--100%
                                                                                                                                                                                                                           Hcp 100                                                   
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Legend: NA, data not available; RAPD, random amplified polymorphic DNA; LAMP, Loop mediated isothermal amplification; PCR, Polymerase chain reaction; CTAB, cetyltrimethylammonium bromide. \* Clinical Samples include blood, serum, biopsy, bronchoalveolar lavage, and scraping.

[^1]: These authors contributed equally to this work.
